Abstract: Agronomically important traits are frequently controlled by rare, genotype-specific alleles. Such genes can only be mapped in a population derived from the donor genotype. This requires the development of a specific genetic map, which is difficult in wheat because of the low level of polymorphism among elite cultivars. The absence of sufficient polymorphism, the complexity of the hexaploid wheat genome as well as the lack of complete sequence information make the construction of genetic maps with a high density of reproducible and polymorphic markers challenging. We developed a genotype-specific genetic map of chromosome 3B from winter wheat cultivars Arina and Forno. Chromosome 3B was isolated from the two cultivars and then sequenced to 10-fold coverage. This resulted in a single-nucleotide polymorphisms (SNP) database of the complete chromosome. Based on proposed synteny with the Brachypodium model genome and gene annotation, sequences close to coding regions were used for the development of 70 SNPbased markers. They were mapped on a Arina × Forno Recombinant Inbred Lines population and found to be spread over the complete chromosome 3B. While overall synteny was well maintained, numerous exceptions and inversions of syntenic gene order were identified. Additionally, we found that the majority of recombination events occurred in distal parts of chromosome 3B, particularly in hot-spot regions. Compared with the earlier map based on SSR and RFLP markers, the number of markers increased fourfold. The approach presented here allows fast development of genotype-specific polymorphic markers that can be used for mapping and marker-assisted selection. 
Introduction
Bread wheat (Triticum aestivum L., 2n = 6x = 42) is one of the most important food crops in the world. The hexaploid genome of wheat has a size of approximately 17 Gb and consists of the three homoeologous genomes A, B and D. Therefore, most genes are present in three homoeologous copies. Additionally, the wheat genome is very repetitive and contains over 80% of repetitive elements (Bennett and Smith, 1976; Hollister and Gaut, 2009) . The characterization of genes involved in agronomically important traits requires the identifications of markers closely linked to the genes. Single-nucleotide polymorphisms (SNPs) are one of the most reliable and reproducible types of sequencebased genetic markers. Sequence information for the hexaploid wheat genome has only recently begun to emerge, and thus, the construction of genetic maps with a high density of genetic markers remains challenging.
Recently, the genomes of rice (Oryza sativa L.), sorghum (Sorghum bicolor L.) and Brachypodium distachyon were sequenced (International Rice Genome Sequencing Project, 2005; Paterson et al., 2009; The International Brachypodium Initiative, 2010) . As these genomes have a relatively small size and the gene order in grasses is conserved among different members of the family (Devos, 2005; Gale and Devos, 1998; The International Brachypodium Initiative, 2010) , they can be used as models for larger plant genomes. Among the model genomes, Brachypodium has the most recent divergence time from wheat -32-39 Million Years Ago (MYA), has the smallest genome size and, therefore, is widely used for gene prediction and construction of synteny-based maps in Triticeae Wicker et al., 2009) .
During the past few years, wheat genomics has advanced dramatically. The effort to sequence its large genome was divided into smaller steps through construction of physical maps for individual chromosomes. Reducing the complexity of the wheat genome is achieved by isolating single chromosomes or chromosome arms by cytometric flow sorting (Š afá ř et al., 2010) . Nevertheless, there is no reference sequence available for the wheat genome until now. Sequencing of a minimum tiling path of bacterial artificial chromosomes (BAC) clones is under way for several chromosomes (International Wheat Genome Sequencing Consortium www.wheatgenome.org), the most advanced project is the sequencing of chromosome 3B (approximately 1 Gb). A physical map for this chromosome was constructed based on a fingerprinted BAC library with 67 968 clones, genetic mapping and deletion-bin mapping (Paux et al., 2008) . Analysis of collinearity between the physical map of chromosome 3B (cultivar Chinese Spring) and the rice genome has shown that corresponding regions of rice and wheat chromosome 3B are mostly collinear, but there are local rearrangements within this syntenic intervals (Paux et al., 2008) . Additionally, based on mapping of expressed sequence tags (EST), a positive gradient of gene density was detected along chromosome 3B from centromere to telomere (Akhunov et al., 2003; Munkvold et al., 2004) . According to the study of Akhunov et al. (2003) , the recombination rate is higher in distal regions of the chromosome. This finding was strongly supported by Choulet et al. (2010) based on annotated megabase-sized fragments of sequence and a recent transcriptional map with 3000 loci of chromosome 3B (Rustenholz et al., 2011) .
Until now, development of new polymorphic markers was based on very limited resources such as wheat EST data, syntenic information from rice and Brachypodium and wheat BACsequences from a few loci. New sequencing technologies provide an increase in sequence data from different wheat accessions. SNP assays in combination with new high-throughput genotyping methods are becoming even more attractive for high-resolution genetic mapping and marker-assisted breeding (Agarwal et al., 2008) . Several recent studies successfully genotyped a few thousand SNPs using genome survey sequences and EST data (Akhunov et al., , 2010 Allen et al., 2011; Barker and Edwards, 2009; Chao et al., 2009) . As modern wheat varieties were bred from a limited number of landraces, the resulting diversity bottleneck lead to modern wheat varieties whose genomes are highly similar (approximately 99.9%) (Chao et al., 2009; Ravel et al., 2006; Trick et al., 2012) . For instance, Ravel et al. (2006) estimated SNP frequency to be 1 in 335 bp (2.99 SNP/kb), Barker and Edwards (2009) detected 4.29 SNP/kb and Trick et al. (2012) found an average density of 1.80 (±1.46) SNP/ kb. This low molecular diversity is even more pronounced if only two specific cultivars are compared.
Swiss winter wheat cultivars Arina and Forno were parental lines for a mapping population consisting of recombinant inbred lines (RILs) (Paillard et al., 2003) . This population is being used for mapping of different valuable traits, including quantitative trait loci (QTLs) for resistance to several fungal diseases. For QTL mapping, genetic linkage maps for all chromosomes of this population were constructed. The genetic map for chromosome 3B had a length of 199.83 centimorgans (cM) and contained 27 markers.
Here, we report on the production of a SNP database from flow-sorted chromosome 3B of cultivars Arina and Forno. Seventy SNP-based markers were developed and mapped on the Arina x Forno RIL population. Our analysis suggests that while the gene order is overall well conserved between wheat chromosome 3B and chromosome 2 of Brachypodium, there are numerous exceptions in microcollinearity. Additionally, we found that the majority of recombination events occur in distal parts of chromosome 3B. The focused approach described in the present study resulted in a fast development of highly specific polymorphic markers that can be applied in high-resolution mapping and marker-assisted selection.
Results

Purification and sequencing of chromosome 3B
Chromosomes 3B of the two Swiss winter wheat cultivars Arina and Forno were purified by flow cytometry to reduce the sample complexity and in particular to avoid the presence of homoeologous sequences from chromosomes 3A and 3D in the DNA samples. The isolated chromosomes 3B of both cultivars were sequenced by Illumina technology. The number of reads obtained for Arina and Forno were 121 931 740 (approximately 9.6 Gb) and 126 662 154 (approximately 10 Gb), respectively. It has been shown that chromosome 3B has a size of 1Gb (Paux et al., 2008) . De novo assemblies for both cultivars resulted in approximately 300 000 contigs each with an average length of 500 bp. We calculated the average coverage for the contigs containing coding sequences. We produced a graph with the number of contigs plotted against the coverage of those contigs ( Figure S1 ). The peak of the contig number for both cultivars was around 8-to 10-fold coverage (maximum was at eightfold).
Identification of genes based on synteny with Brachypodium
To detect putative genes on assembled wheat contigs for both cultivars, we used BLASTN against a database of B. distachyon coding sequences. The total number of identified contigs containing coding sequences was 11 563 for Arina and 11 275 for Forno corresponding to approximately 3% of all contigs. This number included different cases. First, if there was exactly one wheat contig matching a specific Brachypodium gene, we counted it as a single-copy gene. Second, if two or more different contigs contained homologs of the same Brachypodium gene in a different sequence context, they were considered paralogous copies. Finally, if two or more different contigs contained different parts of the same Brachypodium gene with only a slight or no overlap, they were considered to represent parts of the same gene. From this data, we defined a 'nonredundant' gene set for chromosome 3B. This gene set represents a list of all Brachypodium genes that have homologs in the 3B contigs, regardless if several 3B contigs hit the same Brachypodium gene. For example, the coding sequence of Bradi2g49380 was detected on four different Arina contigs (indicating a gene family with several paralogs), but in the 'nonredundant' set, it was counted only once.
Among all identified gene-containing contigs, we detected 4542 nonredundant genes for Arina and 4293 for Forno. The number of nonredundant genes included all different Brachypodium gene hits associated with sequenced wheat contigs. Although both cultivars had a very similar number of nonredundant genes, we detected 249 nonredundant genes more for cultivar Arina. The distal parts of Brachypodium chromosome 2 are syntenic to wheat chromosome 3B: Bd2g00200 -Bd2g14080 and Bd2g40150 -Bd2g62810 (Figure 1a , green bars). About half of the discovered genes had their closest homolog in the syntenic region of Brachypodium chromosome 2: 2333 putative genes (51.4%) for Arina and 2131 (49.6%) for Forno. Overall, there are 3674 genes on chromosome 2 of Brachypodium in the region syntenic to wheat chromosome 3B. These 3674 genes have potential homologs on chromosome 3B of wheat. Our analysis detected 63.5% and 58% of these genes in the contig sequences of chromosome 3B from cultivar Arina and Forno, respectively. The number of gene sequences that have their best homologs on the nonsyntenic chromosomes of Brachypodium was very similar for both cultivars (Table 1) . Additionally, as depicted on the heat map (Figure 1a) , the localization of these sequences does not show any clustering pattern. This observation suggests that contamination from the flow-sorting procedure was low, and that all wheat chromosomes were equally contributing to the contamination.
Differences in gene content between Arina and Forno
The combined number of nonredundant genes detected for chromosome 3B of both cultivars was 5224. However, 18% (931) of the genes were present only in Arina and 13% (682 genes) were present only in Forno (Figure 1b) . Therefore, approximately 30% of all putative genes detected in the cultivars were different. A very similar result was found for the syntenic genes: 2007 of them were common to both cultivars and 326 putative genes were present only in cultivar Arina, while 124 were present exclusively in cultivar Forno (Figure 1c) .
To check whether we can use these data to identify presence/ absence polymorphisms in gene content of Arina and Forno, we designed 67 primer pairs from genes specifically found only in Arina or Forno chromosome 3B. We used DNA of wheat cultivars Arina, Forno, Chinese Spring and the Chinese Spring nullitetrasomic line (N3BT3D) for amplification of fragments. The last two lines were included as a control for chromosome 3B specificity of the amplicons. Amplification was successful in 45 cases but only five fragments were specific to the 3B chromosome (no amplification from the Chinese Spring nulli-tetrasomic line was obtained, whereas in Chinese Spring, a PCR product was present). The large number of amplified fragments that are not specific for chromosome 3B indicates that these primers also amplified homoeologous sequences. Three of the five chromosome 3B-specific sequences (InDel_g01210, 512-bp-long fragment amplified from Forno, InDel_09780, 143 bp amplified from Arina and InDel_56500 and 818-bp fragment amplified from Forno) were polymorphic between Arina and Forno and were mapped on the genetic map (see below). Therefore, of five fragments specific to chromosome 3B, three were confirmed to be useful as presence/absence polymorphisms.
Identification of SNPs in gene-containing contigs
We chose the Arina de novo sequence assembly as a reference on to which Forno Illumina reads were mapped for the identification of polymorphisms. Nucleotide variations between two cultivars were identified using the CLC Assembly Cell (Figure 2 ). In total, 1 835 214 SNPs were detected. To reduce the problem of unspecific comparisons mostly in repetitive DNA regions, only contigs containing coding sequences of genes were chosen for further analysis. Gene-containing contigs were selected for further analysis if they had a unique gene hit or if a contig did not have any overlaps with other contigs, which had the same gene hit. This selection step was made to exclude paralogous gene copies for marker development.
A further selection among the contigs containing suitable coding sequences and SNPs was made to reduce the number of SNPs caused by sequencing errors. First, we applied a sequence coverage threshold for each candidate SNP. Nucleotide polymorphisms in regions with a coverage below five reads were not considered for SNP marker development ( Figure 2 ). Second, we mapped all Arina reads to the reference Arina assembly to control base calling and to eliminate candidate SNP positions with low sequence coverage. All SNPs with a coverage below five in Arina or ambiguous base calling were excluded. In total, 737 contigs with high-quality SNPs were selected. Among them, 448 contigs had gene hits from nonsyntenic regions of Brachypodium and 289 were from the region which corresponded to chromosome 3B. From them, 131 belonged to coding sequences from the short chromosome arm and 158 contigs had gene hits corresponding to the long arm of 3B.
Development of a cultivar-specific genetic map of chromosome 3B based on 70 SNP markers For SNP mapping, we used only contigs representing wheat genes, which have their homologs in the 3B syntenic regions of Genotype-specific SNP mapping in wheat 3
Brachypodium. We chose genes expected to be regularly spread across the whole chromosome based on syntenic location in Brachypodium. In total, 96 SNPs were selected for the genetic mapping on 178 RILs derived from a cross between cultivar Arina and cultivar Forno (Paillard et al., 2003) . A KASPar assay was chosen for genotyping of the 178 RIL plants. Before designing primers for the KASPar assay, we masked the coding parts of the selected contigs. Only SNPs located upstream or downstream of the gene's CDS were selected. This strategy aimed at reducing the possibility that homoeologous or paralogous copies of targeted genes were amplified. As a result, 87 (out of 96) SNP containing fragments were amplified, among them 64 were polymorphic and suitable for genetic mapping. In addition to these 64 markers, six polymorphic SNPs from eight tested were mapped on the RIL population in a pilot experiment to test the feasibility of the assay, resulting in a total of 70 markers derived from the SNP assay. Therefore, in total, 104 SNP markers were tested, 95 of them amplified and 70 markers were mapped (Table S1 ).
The initial genetic map of chromosome 3B of Arina x Forno RIL population consisted of 27 markers and had a size of 199.83 cM. After the integration of 70 additional SNP and three InDel markers, the length of the map was 202.2 cM (Figure 3 ). This indicated that the integration of the added markers was of good quality. The names of new SNP-based markers were chosen according to the Brachypodium gene homologs, which were present on the wheat contigs that contained the SNPs (e.g. Brachypodium gene Bd2g47720 -wheat marker g47720).
To test whether the SNP markers specifically developed from Arina and Forno were applicable in a larger set of genetic material, we tested a subset of 48 SNP markers on an additional 44 wheat varieties with different origins: European spring and winter wheat germplasm, US germplasm, Mexican and Canadian varieties and Chinese landraces (Table S2 ). The test revealed a presence of both Arina and Forno alleles with variable frequencies from 0.02 to 1 for each allele ( Figure S2 ). Among the 48 SNPs, only one SNP represented a private allele of cv. Forno, whereas all other SNPs were present in a least one of the tested lines. Thus, the developed SNPs are widely polymorphic in germplasm and add to the available SNP markers in wheat.
SNP mapping reveals overall good collinearity with Brachypodium with several exceptions
We expected to find a good conservation between gene order on chromosome 2 of Brachypodium and wheat chromosome 3B. Indeed, the marker order on the newly constructed wheat map was mostly consistent with the gene order found on chromosome 2 of Brachypodium. Overall, only eight of the 73 (70 SNP and three InDel markers) analysed markers were in nonsyntenic positions. As depicted in Figure 3 , we observed co-segregation of a few groups of markers, especially in the centromeric region. With a few exceptions, these groups were formed by markers with their Brachypodium gene homologs in syntenic positions. For example, the largest group of 12 co-segregating markers included only one nonsyntenic marker, g62500 (Figure 3 , cluster B in cyan). The 11 syntenic genes in this cluster (Bd2g07680 -Bd2g09470) span a region of 1.73 Mb in Brachypodium. In wheat, the corresponding gene-based SNP markers cosegregated on the genetic map in a region close to the centromere.
We detected four inversions on the genetic map of chromosome 3B by comparison with the syntenic order of the genes on Brachypodium chromosome 2 (Figure 3 , clusters A, C, D, E). The sizes of the identified inversions ranged from 0.6 cM and 1.3 cM in proximal regions to 7.6 cM in the telomeric part. One of these inversions (cluster C) consisted of nine genes (Bd2g46680 -Bd2g47750) located in a 1-Mb interval on Brachypodium chromosome 2 (Figure 3 , cluster C in cyan). In wheat, this inversion comprised a genetic interval of 1.2 cM. Such information on breaks in synteny and local, small-scale inversions will be essential for high-resolution mapping projects.
SNPs are unevenly distributed along chromosome 3B
To analyse the distribution of gene-associated SNP markers on the genetic map of chromosome 3B, we examined the correlation between the distribution of the 289 high-quality, syntenic, geneassociated SNPs and the distribution of all syntenic Brachypodium gene homologs detected on wheat contigs (2333 Arina genes) on chromosome 2 of Brachypodium. We mapped in silico all identified syntenic genes from wheat contigs to their homologous positions on the chromosome 2 of Brachypodium. The correlation was tested by calculating the ratio between the number of selected genes with SNPs and the total number of identified syntenic genes. The ratio was computed using a sliding window approach: we took intervals of 1.2 Mb with incremental steps of 100 kb (Table S3 ). The ratios, obtained for each interval, are shown in Figure 3 (blue graph). This analysis revealed that the type of SNPs studied here were distributed unevenly: the number of genes with SNPs, normalized to the total amount of genes, had a few peaks and was generally higher in the region corresponding to the short arm of chromosome 3B. This suggests that the frequency of gene-associated SNPs in cultivars Forno and Arina is higher in 3BS than in 3BL.
Low recombination in the centromeric region of chromosome 3B
We also wanted to compare the genetic distances on the map of wheat chromosome 3B with the physical size and number of syntenic genes in the corresponding chromosomal regions in Brachypodium. We focused our analysis on a region of 18 cM that included the centromeric region of the map with a large gene cluster (Figure 3 , purple block). There were a total of 47 mapped gene-associated SNPs and 1255 syntenic Brachypodium genes detected in this region based on the sequences from wheat cultivar Arina. The wheat region of 18 cM around the centromere corresponded to a segment on Brachypodium chromosome 2, which spanned a total size of 19.34 Mb, with 9.23 Mb on the syntenic region of the short arm and 10.11 Mb on the syntenic region of the long arm. Therefore, in this centromeric region, 53.79% of all syntenic genes (1255 of 2333) were found in a region corresponding to 8.9% (18 cM) of the total genetic distance in wheat and 62.89% of the total physical size 30.75 Mb of the syntenic region in Brachypodium.
Brachypodium genes homologous to the gene-associated SNP markers in the distal parts of the genetic map were assigned to Figure 3 Comparison of the genetic map of wheat chromosome 3B of RIL Arina x Forno population and the physical map of Brachypodium chromosome 2. In grey: syntenic regions of Brachypodium chromosome 2 and wheat chromosome 3B. In red: newly mapped gene-based SNP markers. Marker names correspond to the gene homologs in Brachypodium. Genetic distances are given in centimorgans (cM). Blue bars: physical positions of Brachypodium gene homologs corresponding to the selected gene-associated contigs with SNPs of wheat chromosome 3B; gene homologs that were mapped as SNP markers are represented both as a blue bar and black bar on the Brachypodium chromosome. Blue graph depicts a ratio between the number of selected wheat gene-containing contigs with SNPs and the total number of identified nonredundant Brachypodium genes in wheat sequenced contigs. The ratio was calculated using a sliding window of 1.2 Mb and incremental step 100 kb. In cyan: A, C, D, E -regions of detected inversions between wheat and Brachypodium, B is a cluster of mapped Brachypodium genes, regions F and G -gaps on genetic map. In purple and yellow: centromeric region of genetic map (purple) and corresponding physical region on Brachypodium chromosome 2; distal parts of genetic map with corresponding physical Brachypodium regions (yellow). In green: marker derived from gene presence-absence polymorphism. Genotype-specific SNP mapping in wheat 5 the corresponding yellow blocks (Figure 3 ). Physical intervals corresponding to the distal parts of the genetic map had sizes of 2.63 Mb for the short arm of chromosome 3B and 8.78 Mb for the long arm of chromosome 3B (together corresponding to 37.11% of the 30.75 Mb physical region syntenic in Brachypodium). The two distal parts of the genetic map comprised 91.1% of the total map size in wheat (184.2 cM) and contained 46.21% (1078) of detected genes. These observations demonstrate that in Arina x Forno population, there is a strong suppression of recombination in the centromeric region of wheat chromosome 3B, but also that there are many genes in this region.
Gaps on the genetic map
The Arina/Forno SNP map contained two relatively large regions not covered by genetic markers (Figure 3, region F and region G) . The region G (g60660 -mwg11) has a size of 29.5 cM and the last gene-associated SNP mapped to this area (g60660) is 36.7 cM away from the telomeric end of the genetic map. The number of detected syntenic Brachypodium gene homologs in the Arina dataset was 115 for the region from Bd2g61070 -end of the Brachypodium chromosome 2. Therefore, further mapping could probably place some of these 115 genes in this gap. Additionally, Saintenac et al. (2009) showed that recombination frequency in this region is very high. Furthermore, other genetic maps indicated a similar absence of markers: on the ITMI composite map, marker wmc326 (on our map, it is placed 1.1 cM proximal from the described interval) is located at position 114 cM, while the total size of the map is 148 cM (Somers et al., 2004) . On the map of double haploid lines Avalon x Cadenza, wmc326 was mapped to position 138.8 cM (total size of the map was 183.0 cM). In our case, wmc326 is located at 163.5 cM position (total size of the map is 202.2 cM). Gaps are representing the regions where genetic distance is large (a high level of recombination), but the number of markers is small. Based on the syntenic comparison, there is no evidence for large physical regions in the corresponding regions of wheat. Therefore, the described gap g60660-mwg11 can most likely be explained by a high recombination level in this region.
The region F (gwm1037 -barc318b) is 17.5 cM long and does not contain any genetic markers. We checked the number of Brachypodium gene homologs, which were detected in Arina in the interval Bd2g02300 -Bd2g02830 (g02300 is 3.2 cM distal from gwm1037 and g02830 is 2.1 cM proximal from barc318b). There are 31 Brachypodium genes detected. Hence, this gap can possibly also be explained by the presence of a recombination hot-spot or by nonsyntenic genes intercalated in this region.
Discussion
Gene-associated SNP markers based on whole chromosome sequencing are highly specific Mapping in hexaploid wheat is complicated by the difficulty to derive specific markers because of the highly repetitive genome and the presence of both paralogous and homoeologous copies of a particular gene in the three subgenomes. Therefore, an essential part of any mapping strategy is to increase marker specificity. In the present study, we used sequences from isolated chromosome 3B. Flow cytometric analysis of DAPI-stained mitotic chromosomes of wheat cv. Chinese Spring results in a histogram of relative fluorescence intensity (flow karyotype) comprising three composite peaks of groups of chromosomes and a peak corresponding to chromosome 3B (Vrá na et al., 2000) . Therefore, flow sorting of chromosome 3B is easier than the isolation of other wheat chromosomes. These can be sorted as chromosome arms from cytogenetic stocks in which the arms are stably maintained as telocentric chromosomes (Dolež el et al., 2007) . Alternatively, fractions highly enriched for target chromosomes and free of homoeologous chromosomes can be obtained by applying narrow sort windows (J. Dolež el, unpublished data). Any of these strategies reduces DNA sample complexity, which facilitates efficient and targeted development of genetic markers (Wenzl et al., 2010) .
The main strategy of our study was to use gene-associated SNPs to improve marker specificity for chromosome 3B and to get an even distribution of markers based on gene synteny with Brachypodium. To gain specificity for designed SNP markers both between homoeologous chromosomes and within chromosome 3B, we used a set of criteria for the selection of SNP. All repetitive sequences were excluded from the analysis, because amplification from repetitive regions could lead to unspecific amplification from similar repetitive sequences. Furthermore, a limitation of the sequence read coverage threshold for each SNP position was established. We selected only contigs with nonredundant gene hits and analysed SNPs located outside of the coding region. This setup resulted in a low number of nonspecific markers and a final success rate of approximately 74% (70 of 95) for SNP marker mapping. We used very stringent parameters for SNP selection (e. g. only syntenic genes, only one contig per given gene, read coverage >5, the SNP had to be present in all reads). It is therefore possible that more flexible parameters might give a higher yield of SNPs for mapping. Nevertheless, we consider the number of identified SNPs and the yield in marker development a success, because low polymorphism is a general problem in wheat genetics.
Several prior studies showed that wheat has a low level of varietal SNP polymorphisms useful for marker development (Barker and Edwards, 2009) . A recent study by Allen et al. (2011) revealed that among 1659 SNPs selected using a cDNA library of five wheat varieties, 67% SNPs were polymorphic between different varieties, but only 10% of polymorphic SNPs showed genome specificity. The approach for optimization of genome specificity, suggested in the study by Allen et al. (2011) , included re-design of KASPar probes based on alignments of three genome-specific sequences for corresponding regions from the Chinese Spring fivefold sequence database (www.cerealsdb. uk.net). They report that their approach indeed increased genome specificity of SNPs, but the method is time consuming and laborious. Trick et al. (2012) mapped 39 SNPs on tetraploid wheat using RNAseq and wheat unigenes. Discrimination between the copies on the two different genomes was done by alignment of sequences to unigenes and the design of genomespecific primers for KASPar, which led to a success rate of 74% in this study.
The strategy used in our study resulted in high percentage of polymorphic SNP markers. The vast majority of produced SNP markers (66 of 70) were genome specific. This level of efficiency is high given the problem of three closely related homoeologous genomes in wheat and was obtained without any additional steps such as genomic alignments and re-designing of primers for the KASPar assay. Furthermore, preselection of potential SNPs based on syntenic gene homologs allowed us to obtain a more predictable distribution of SNP markers on the genetic map. Preselection could be particularly advantageous for highresolution mapping projects.
Wheat and Brachypodium show a high degree of synteny but also many exceptions
We used a synteny-based approach to identify putative genes on sequenced wheat contigs. Because B. distachyon is the closest wheat relative with a small and entirely sequenced genome, identification of wheat genes and their order based on the synteny with Brachypodium have been used extensively (Bossolini et al., 2007; Quraishi et al., 2011) . Our analysis revealed that about half of the identified genes (2333 from 4542 in Arina and 2131 from 4293 in Forno) had their homologs in distal parts of chromosome 2 of Brachypodium, the 3B syntenic regions. Additionally, the absence of large gene clusters with corresponding gene homologs on other Brachypodium chromosomes indicated an absence of large chromosome translocations. However, there is still a possibility of large translocations in gene-poor regions that cannot be excluded with our approach. Genetic mapping of gene-associated SNPs also revealed several inversions between gene order on Brachypodium chromosome 2 and the genetic map of chromosome 3B (Figure 3 , cyan bars).
Gene content of chromosome 3B
Besides the syntenic genes, a large number of nonsyntenic genes were identified. This observation is consistent with previous findings about gene content of wheat chromosome 3B. It was suggested that nonsyntenic genes in wheat are interspersed within a very conserved syntenic gene set (Choulet et al., 2010) . Indeed, we found that roughly 50% of the detected genes mapped to nonsyntenic regions in Brachypodium in both Arina and Forno assemblies. Several recent studies provided estimates of the total gene number for chromosome 3B between 6000 and 8400 genes (Choulet et al., 2010; Paux et al., 2006) . Our observations are slightly different: we detected roughly 11 000 gene-containing contigs in each cultivar. However, because we did not conduct a detailed gene annotation, this number possibly includes many pseudogenes, gene fragments and misassembled parts of the same genes. Nevertheless, we were able to identify a minimal gene set for chromosome 3B consisting of approximately 3600 nonredundant genes (Figure 1b ). This minimal set of genes was detected independently in both Arina and Forno datasets, suggesting a high accuracy of gene prediction for this set.
In Arina, 14% of genes with synteny to Brachypodium chromosome 2 were cultivar specific, in Forno, 5.8%. These numbers could be explained by the presence of real gene deletions in Arina and Forno genomes or by insufficient sequence coverage of the samples. We could confirm some presence/ absence polymorphisms by mapping of InDel markers, but most of the other amplification products were not chromosome 3B specific, probably due to homoeologous sequences in the A and D genomes. The calculated coverage for our data set is eightfold, and we expect 99.97% of the genes to be sampled (Lander and Waterman, 1988) . However, a purely random coverage cannot be expected: a certain bias in the sequence coverage has been shown to be caused by multiple displacement amplification (MDA) of flow-sorted chromosomes and the sequencing itself (Pinard et al., 2006; Wicker et al., 2011) . Additionally, the high number of cultivar-specific genes could be caused by our gene annotation procedure, which was based on best homology to Brachypodium genes. For example, it is possible that sequence contigs from Arina and Forno cover different parts of a given gene. Homology search in Brachypodium could then result in two different genes as best hit, wrongly indicating that both genes are cultivar specific.
The level of recombination varies strongly along the chromosome
The majority of mapped markers were placed in the proximal centromeric region of chromosome 3B. In addition, numerous markers from the centromeric region co-segregated genetically. The proximal centromeric region of the genetic map spanned 18 cM (<10% of the genetic map) and included 1255 genes in the syntenic regions of Brachypodium (53.8% of the genes from the syntenic regions of Brachypodium chromosome 2). The rest of chromosome 3B (distal regions) had a genetic size of 62.1 cM and 122.1 cM and included 210 (9.0%) and 868 (37.2%) of the genes in the syntenic regions of chromosome 2, respectively. This observation demonstrates that recombination was highly suppressed in the centromeric region. This finding is consistent with previous studies: Saintenac et al. (2009) analysed crossover frequency using data from physical and genetic maps of wheat chromosome 3B. They detected a crossover frequency of 90% in distal subtelomeric parts and a very low recombination in the proximal centromeric region of chromosome 3B. The comparison of the chromosome 3B genetic map and gene content as estimated by comparison with syntenic chromosome 2 of Brachypodium very well reflected the detected low recombination rate around the centromeric region (Figure 3 , purple and yellow blocks). This fact suggests that mapping in this region is especially challenging.
Differences in gene content between two cultivars: contamination or tool for marker development?
The absence of large clusters of Brachypodium gene homologs elsewhere than in the syntenic regions of Brachypodium chromosome 2 indicated that the contamination of the chromosome 3B fraction with other chromosomes during flow cytometric sorting was low. Furthermore, a maximal degree of contamination could be estimated based on a total number of genes exclusively present in Arina or in Forno (Figure 1b) . The detected number of cultivar-specific genes in Arina and Forno was 931 and 682, respectively. If we assume that identification of those genes was caused entirely by contamination during the flow sorting, the maximal estimation would be 20% of contaminated fraction for Arina and 16% for Forno. This is more than estimated by fluorescent in situ hybridization (FISH) on fractions of sorted chromosomes (3.2% and 8.9% for Arina and Forno, respectively). However, if the detected variation in gene content between cultivars Arina and Forno was based not solely on contamination, it has at least two potential applications. First, genes that are absent in one cultivar and present in another could be used as dominant presence/absence markers for genetic mapping. This concept is supported by the fact that we could map 3 of 5 chromosome 3B-specific gene-based InDel markers (Figure 3, InDels in green) . However, the development of such markers is inefficient as the primers developed from presence/absence polymorphism are mostly not chromosome specific and also amplify homoeologous sequences. A second application of InDel variation could be in candidate gene selection in fine mapping studies.
Whole chromosome sequence-based mapping in wheat
The strategy based on sequencing flow-sorted chromosomes can be used for targeted genotyping of different wheat varieties or populations both in high and low throughput manner. We selected SNPs that were gene associated, but not positioned in the coding sequences themselves. This factor potentially provides a higher rate of polymorphisms between elite wheat varieties in comparison with SNPs in coding regions. The developed SNP markers are genome specific and therefore can be used not only for screening of homozygous plants but also applicable for mapping in heterozygous populations. The analysis of a subset of 48 SNP-based markers, specifically developed for cultivars Forno and Arina, in a broader set of 44 genotypes allowed us to determine the frequency of polymorphisms in such germplasm. The results suggest that developed SNP can be widely used in the genepool. In conclusion, SNP markers are becoming increasingly important for wheat genetic mapping and marker-assisted selection. The strategy to develop SNP markers applied in the present study is a fast and efficient approach to genetic mapping. A combination of sequencing of individual chromosomes or chromosome groups and selection of SNPs associated with genes but located outside of the coding sequences produced highly specific results.
Experimental procedures
Plant material
Two varieties of winter wheat (Triticum aestivum L., 2n=6x=42) 'Arina' and 'Forno' were chosen for SNP analysis. Genetic mapping was carried out on a population of 178 RILs, derived from a cross of cultivar 'Arina' and cultivar 'Forno' (Paillard et al., 2003) . DNA of cultivars 'Arina', 'Forno', 'Chinese Spring' and nulli-tetrasomic chromosome 3B line N3BT3D of 'Chinese Spring' was used for InDel PCR analysis. DNA extraction from leaf material was carried out as described in Stein et al. (2001) .
Flow sorting of chromosome 3B
Purification of chromosome 3B was carried out by flow sorting. Liquid suspensions of mitotic chromosomes were prepared from synchronized root tips of both wheat cultivars according to Vrá na et al. (2000) . Chromosome samples were stained by DAPI, and chromosome 3B was isolated by flow cytometric sorting as described by Kubalá ková et al. (2002) . The chromosomes were sorted in several batches of 25 000 chromosomes with the purity of 96.8% and 91.1% for Arina and Forno, respectively, as determined by FISH with probes for GAA and Afa repeat. DNA of isolated chromosomes was amplified via MDA using Illustra GenomiPhi V2 DNA amplification kit (GE Healthcare). Two and four independent amplifications were made for Arina and Forno, respectively. In total, 8.61 lg and 10.92 lg DNA were obtained for Arina and Forno, respectively.
Sequencing and assembly of chromosomes 3B of cultivars Arina and Forno
Sequencing of chromosomes was performed by GATC Biotech, Konstanz, Germany. For each cultivar, 5 lg DNA was sequenced by Illumina technology with independent libraries of 200-to 250-bp sequence fragments and paired ends. After quality trimming, 100-bp-long Illumina reads of Arina and Forno were separately assembled de novo using 'clc_novo_assemble' command with default parameters of CLC Assembly Cell 3.22 software (CLC bio, Aarhus, Denmark).
Calculation of expected gene coverage
To calculate the expected gene coverage, we used the following formula based on the Lander-Waterman approach:
Àc , where P is a probability that any base in contigs with genes is covered and c -average coverage of the contigs with coding sequences. The average coverage was calculated as described above ( Figure S1 ).
Identification and selection of SNPs
Forno reads were mapped to the Arina de novo assembly using function 'clc_ref_assemble_long' of CLC Assembly Cell. Potential SNPs were identified using function 'find_variations' of CLC Assembly Cell. Read coverage for each base pair position in targeted contigs was extracted using 'assembly_info' CLC Assembly Cell. BLASTN against B. distachyon coding sequences database was used to detect putative genes on wheat contigs. Perl scripts were written to mine and extract the data for SNP selection and are available upon request.
RIL genotyping and construction of the genetic map
One hundred and seventy-eight RILs Arina x Forno were chosen for testing of 104 identified SNPs. Genotyping was performed by KBioscience (Herts, UK) using fluorescence-based competitive allele-specific PCR (KASPar) assay. The genetic map was constructed using MultiPoint software (Mester et al., 2003) . Distances were calculated using Kosambi function (Kosambi, 1944) . 
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